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RADIATION RESEARCH 136, 255-261 (1993)

ARMED FORCES RADIOBIOLOGY
RESEARCH INSTITUTE
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Gamma Radiation (5-10 Gy) Impairs Neuronal Function
in the Guinea Pig Hippocampus

TERRY C. PELLMAR AND DENNIS L.. LEPINSKI

Physiology Department, Armed Forces Radiobiology Research Institute, Bethesda, Maryvland 20889-5603

PELLMAR, T. C., AND LEPINSKI, D. L. Gamma Radiation
(5-10 Gy) Impairs Neuronal Function in the Guinea Pig Hippo-
campus. Radiat. Res. 136, 255-261 (1993).

Guinea pigs were exposed to 5 and 10 Gy v radiation. Hippo-
campal brain slices were isolated 30 min, 1 day, 3 days and 5
days after irradiation or sham irradiation and the electrophysio-
logical characteristics of the neural tissue were evaluated. Both
radiation doses elicited significant changes that were dependent
on dose, dose rate and time. Synaptic efficacy decreased soon
after exposure to 5 Gy at dose rates of both 1 and 20 Gy/min.
Recovery occurred by 5 days. Ten grays at 20 Gy/min poten-
tiated the postsynaptic potential 1 day after irradiation. By 3
days, synaptic efficacy was decreased and did not recover. The
ability of the synaptic potentials to generate spikes was poten-
tiated within 30 min after exposure to 5 Gy at 1 Gy/min and
persisted through 3 days, with recovery at 5§ days. At the 20
Gy/min dose rate, a similar potentiation did not result with 10
Gy and occurred only at 3 days after irradiation with 5 Gy.
Rather, within 30 min and after 5 days, spike generation was
significantly depressed by these exposures. Both synaptic effi-
cacy and spike generation contribute to the net input—output
relationship of the neuronal population. This relationship was
profoundly decreased within 30 min with recovery at 1 day and
subsequent decline with the higher dose rate in a dose-depen-
dent manner. These persistent changes in neuronal function are
likely to be a consequence of the actions of ionizing radiation
on the physiological processes that influence the neuronal
environment. ( 1993 Academic Press. Inc.

INTRODUCTION

Although the central nervous system is considered to be
resistant to ionizing radiation, exposure to relatively low
doses is known to alter behavior. Fatigue and weakness oc-
cur after exposure to doses of only 1 Gy in humans while
disorientation is elicited by doses of 5 Gy (/). Studies in rats
have shown that less than 5 Gy ionizing radiation can im-
pair the learning of new tasks, the retention of learned tasks
(2), and the transference of learning skills (3). These deficits
are observed within a day of radiation exposure. In clinical
studies, investigators have observed disruption of cognitive
function in patients treated with radiotherapy (4-6). Neuro-
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physiological changes occur concurrently with the behav-
ioral effects. Within hours of irradiation with 10 Gy and
less, altered neuronal firing patterns (7). modified synaptic
potentials (8), and abnormal electroencephalographic activ-
ity (9) are evident.

Classically, neurons have been considered to be a pri-
mary radiation target only at high doses (>100 Gy) suffi-
cient to cause the central nervous system syndrome (/0).
Some evidence for direct neuronal deficits at lower radia-
tion doses comes from studies in our laboratory on guinea
pig hippocampal brain slices irradiated in vitro. Neuronal
electrophysiology was altered within hours by doses as low
as 25 Gy (11, 12). At lower radiation doses, actions on glial
cells and brain vasculature have been suggested as the pri-
mary sites of action. However, evidence of glial degenera-
tion and vascular disruption appears only weeks to months
after exposure (/3-15) and therefore cannot explain the
acute physiological and behavioral effects.

In an effort to understand the cellular basis for acute radi-
ation effects at relatively low doses, the present study evalu-
ates the neuronal deficits that result from exposure to in
vivo whole-body irradiation. Under these conditions, the
neural networks are subjected to the consequences of adam-
aged blood-brain barrier (16), decreased regional cerebral
blood flow (17, 18), and reduced systemic blood pressure
(18, 19). These influences can cause secondary changes in
neuronal function. Changes in the electrophysiological
properties of the subsequently isolated brain tissue would
demonstrate functional neuronal damage resulting from
the complex physiological consequences of radiation expo-
sure.

METHODS

Male Hartley guinea pigs (Harlan-Sprague-Dawley. Inc.. Indianapofis.
IN) were quarantined upon arrival and screened for evidence of disease.
They were maintained in a facility accredited by the American Association
for Accreditation of Laboratory Animal Care (AAALAC) and were pro-
vided commercial guinea pig chow and water ad /ibirum. Animal holding
rooms were climate-controlled and circadian rhythm-adjusted. Guinea
pigs weighed 150-300 g at the time of use.

Guinea pigs were irradiated {whole-body exposure) one at a time in the
bilateral y-radiation field of the AFRRI ®Co facility. During radiation

0033-7587/93 $5.00
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exposure (<S5 min). each animal was confine 1 within a slotted acrylic tube
to restrict its movement. The midline tissue dose to animals was either S
Gy (delivered at 1 or 20 Gy/min) or 10 Gy (delivered at 20 Gy/min). Prior
to exposure of the animals, the desired dose rates were established in an
acrylic guinea pig phantom using a tissue-equivalent ionization chamber
(calibration traceable to the National Institute of Standards and Technol-
ogy). Dosimetric measurements were made in accordance with the Ameri-
can Association of Physicists in Medicine (AAPM) protocol for the deter-
mination of absorbed dose from high-energy photon and electron beams
(20). A fraction of the total dose to the animals was contributed at a vari-
able dose rate associated with the rise and fall of the ®Co source. At a dose
rate of 20 Gy/min, this fraction was about | Gy: at | Gy/min it was approxi-
mately 0.15 Gy.

Experiments were performed on brain slices isolated from the animals
30 min. | day. 3 days. or 5 days after exposure to y radiation. An animal’s
experimental group was determined prior to radiation exposure. To con-
trol for the possible stress of the radiation procedure, sham-irradiated ani-
mals were treated similarly but not exposed to radiation. Sham exposures
lasted either S min or 30 s for comparison with the low and high dose rates,
respectively. The sham-irradiated animals were affected minimally by the
procedures. Only in animals tested 30 min after a 30-s sham exposure was
any change noted (i.e.. an enhancement of spike generation).

Guinea pigs were anesthetized by isoflurane inhalation and euthanized
by cervical dislocation. The brain was removed and the hippocampus dis-
sected out and cut into 400- to 450-um-thick slices with a2 Mcliwain tissue
chopper (Bnnkman Instruments, Westbury, NY). Care was taken to en-
sure uniformity of the tissue from animal to animal. Hippocampal slices
were allowed to stabilize for a minimum of 1-1% h in artificial cerebrospi-
nal fluid (ACSF) equilibrated with 95% Q,/5% CO,. Composition of the
ACSF is as follows: 124 mAf NaCl. 3 mM KCl. 2.4 mA CaCl,, 1.24 mM
KH,PO,. 1.24 mAf MgSO,. 10 mA{ glucose. and 26 mM NaHCO,.

After the stabilization period. a single slice was transferred to the record-
ing chamber (Zbicz design, 21) where it was perfused continuously (1-2
ml/min) with oxygenated ACSF at 30 + 1°C. A concentric bipolar stimu-
lating electrode was placed in the stratum radiatum in field CAt of the
hippocampal slice to evoke orthodromic responses. (A schematic of the
clectrophysiological system is shown in Fig. 1.) Glass microelectrodes filled
with 2 N NaCl were placed in the stratum radiatum of field CA1 to record
the afferent volley and the population postsynaptic potential (PSP) (den-
dritic electrode) and in stratum pyramidale of field CAl to record the
population spike (somatic electrode) (Fig. 1). To reduce the variability
among slices. the electrodes were always positioned in approximately the
same location and recorded potentials were optimized in each slice prior to
collection of data. The electrical signals from the recording electrodes were
monitored on the oscilloscope and digitized and stored in a PDP11-23
minicomputer.

After placement of the electrodes, the tissue was stimulated with 300-us
current pulses once every 5 s at an intensity that produced approximately a
half-maximal response. The responses were allowed to stabilize for 15-20
min before the input-output data were generated. Varying the stimulus
intensity from 0 1o 1 mA elicited graded orthodromic responses. The am-
plitude of the afferent volley. which reflects the number of presynaptic
fibers firing, was proportionate to the intensity of stimulation. Three in-
put-output curves were plotted and analyzed as described previously (/2):
(1) the relationship between the amplitude of the afferent volley and the
slope of the population PSP, which indicates the ability of the tissue to
transmit synaptic signals, i.e.. synaptic efficacy: (2) the relationship be-
tween the slope of the population PSP and the amplitude of the population
spike, which shows the ability of the synaptic signal to elicit an action
potential. i.e.. spike generation: and (3) the relationship between the affer-
ent volley and the population spike. which shows the net input-output of
the tissue as reflected in the amplitude of the population spike at a given
stimulus intensity.

PELLMAR AND LEPINSKI

FIG. 1. Schematic of the electrophysiological system. The top dia-
gram illustrates the components of the neural network unider study. The
afferent axons (bl) are stimulated. Their activity is recorded by the den-
dritic electrode as an afferent volley (B1). The afferent fibers synapse on
dendrites (b2). which respond with a synaptic potential. The potential re-
corded by the dendritic electrode is the population PSP (B2). A synaptic
potential is conducted to the neuronal soma (a). If it is sufficiently large. it
elicits a spike. The somatic electrode records this spike as the population
spike (A). The bottom diagram illustrates the location of these electrodes in
the hippocampal brain slice preparation. The somatic electrode is posi-
tioned in the 5. pyramidale of field CA 1, the anatomical structure contain-
ing the neuronal somata. The stimulating electrode and the dendritic elec-
trode are positioned in s. radiatum of field CA1. which contains the affer-
ent axons and the dendrites.

Data from ali slices in an experimental group were averaged and stan-
dard errors computed. A minimum of six animals (one slice each) was used
in each experimental group. Data for each radiation exposure and time
after irradiation were plotted. fitted by computer with the equation for a
sigmoid curve, and compared to the appropriate sham-irradiated controls.
Differences between the irradiated and sham-irradiated tissue were evalu-
ated by comparing the residual sum of squares for the curves fitted to the
points for each condition with the residual sum of squares for the curve
fitted to all of the data together (/2). Significance was accepted at P < 0.05.
To evaluate quantitative changes in the input-output curves. we calcu-
lated the ratio of two parameters of the best-fitting sigmoid curves defining
the input-output relationship. These parameters are the maximal response
output (a) and the input required to elicit a half-maximal response (¢). A
decrease in the input-output curve is indicated by a decrease in the a/c
ratio. These ratios and their associated standard errors were used to calcu-
late the percentage change in the irradiated tissue compared to the sham-
irradiated controls (/2). A  test was used to evaluate significance. Under
most conditions, there was agreement in the statistical significance indi-
cated by both the change in ratio (7 test) and the difference in the curves
(residual sum of squares), as seen in previous studies (/2). However. on
occasion, the results of the two tests differed. Therefore, to be conservative,
we accepted significance only if both of the statistical methods showed
significance at P < 0.05.
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FIG. 2. Sample traces from sham-irradiated and irradiated tissue. (A)
Population spikes recorded in field CA1 of s. pyramidale. (B) Population
PSPs recorded in field CAl of s. radiatum. Slices were obtained from a
sham-irradiated animal (euthanized at | day after sham exposure) and
from irradiated animals exposed to 10 Gy at 20 Gy/min euthanized at 30
min. | day. and 3 days after irradiation. The population PSP from the
sham-irradiated tissue is superimposed (dotted line) on the response from
the irradiated tissue to facilitate comparisons. All traces were elicited at the
same stimulus intensity in slices from different animals. Calibration: |
mV, 5 ms.

RESULTS

The population spike and the population PSP recorded
in 5. pyramidale and s. radiatum, respectively, were both
sensitive to vy radiation. The changes elicited were depen-
dent on the time after irradiation and the dose and dose rate
of the exposure. Figure 2 illustrates representative re-
sponses from single slices isolated from sham-irradiated
and irradiated animals. Hippocampal slices removed from
animals 30 min after exposure to 10 Gy vy radiation at 20
Gy/min showed a decrease in the population spike when
compared to sham-irradiated controls. The population
PSP, however, was unchanged. At 1 day, the population
spike amplitude had recovered beyond control levels and
the synaptic potential was enhanced. At 3 and 5 days after
irradiation, the population spike again was significantly re-
duced as was the population PSP.

Figure 3 illustrates the input-output curves obtained at §
days after exposure to 10 Gy delivered at 20 Gy/min. For a
given afferent volley amplitude, the resulting population
PSP was generally smaller (Fig. 3B). Activation of more
presynaptic fibers was required to produce the same size
synaptic potential. In other words, the efficacy of synaptic
transmission was reduced. The relationship between the
size of the synaptic potential and the amplitude of the popu-
lation spike (Fig. 3C) was also altered. Figure 3C shows that
a given size population PSP was less capable of evoking a
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population spike. In other words, the mechanisms underly-
ing spike generation were impaired. Because both synaptic
efficacy and spike generation were reduced, the afferent
volley elicited a smaller population spike (Fig. 3A). The net
output of the neural network (the population spike) was
smaller.

From this analysis, the relative contributions of changes
in synaptic efficacy (Fig. 4B) and spike generation (Fig. 4C)
to the net change in the population spike (Fig. 4A) can be
evaluated. For example, slices obtained from animals eu-
thanized 30 min after exposure to 10 Gy at 20 Gy/min
showed no change in the population PSP. A decrease in
spike generation was responsible for the decreased popula-
tion spike. At 1 day after irradiation, synaptic efficacy was
enhanced but spike generation had returned to control lev-
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FIG. 3. Input-output curves from hippocampal slices isolated 5 days
after sham irradiation (®) or 10 Gy exposure at 20 Gy/min (O). Panel A:
Plot of afferent volley amplitude vs population spike amplitude reflects the
net output of the neuronal population (population spike) for afferent input
(afferent volley). Panel B: Plot of afferent volley vs slope of the population
PSP reflects the ability of the input to elicit a synaptic potential. Panel C:
Plot of slope of the population PSP vs amplitude of the population spike
reflects the ability of the neurons to evoke an orthodromic action potential.
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FIG. 4. Summary of the effects of whole-body v radiation on the elec-
trophysiological properties of the isolated hippocampus 30 min, 1 day. 3
days. and 5 days after irradiation. All radiation effects were compared to
the appropriate sham-irradiated controls (100%). Significant differences
are indicated with *; P < 0.05. For 10 Gy at 20 Gy/min (8). n = 10 at 30
min, n = 9 at 1 day. 3 days, and S days. For 5 Gy at 20 Gy/min ((J). n = 10
at 30 min, n = 8 at | day. n = 10 at 3 days. n = 15 at 5 days. For SGyat |
Gy/min (@). n = 6 at 30 min. n = 8 at 1 day. n = 6 at 3 days. n = 9 at 5 days.
For the high-dose-rate sham irradiation. n = 9 at 30 min. n = 10at | day, 3
days. and 5 days. For the low-dose-rate sham irradiation. #» = 8 at 30 min
and | day. n = 7 at 3 days and 5 days. Panel A: Effects on the composite
input-output of field CAl of the hippocampus. based on changes in the
relationship between afferent volley and population spike. Panel B: Effects
on synaptic efficacy based on the relationship between afferent volley and
population PSP. Pane! C: Effects on spike generation based on the relation-
ship between the population PSP and the population spike.

els, resulting in an enhanced population spike. Three days
after irradiation, synaptic efficacy was reduced, yet the abil-
ity to generate spikes was unchanged. Consequently, the
population spike was decreased. At S days, both synaptic
efficacy and spike generation were reduced, resulting in a
decreased population spike.

A dose of 5 Gy at the same dose rate produced a similar,
but not identical, pattern of change in the electrophysiologi-
cal parameters. There was an early decrease in the popula-

PELLMAR AND LEPINSKI

tion spike that recovered at | day and subsequently de-
clined again (Fig. 4A). Unlike the higher dose, the popula-
tion spike at 1 day was not enhanced beyond the levels for
sham-irradiated controls. The population PSP also failed to
show the early potentiation with exposure to 5 Gy at 20
Gy/min but rather showed a significant decrease until 5
days when the population PSPs recovered beyond control
levels (Fig. 4B). As with the higher dose, spike generation
was reduced 30 min after irradiation, recovered to control
at | day, and decreased again at S days. At 3 days after
exposure to 5 Gy at 20 Gy/min, spike generation was
slightly enhanced beyond that seen in the sham-irradiated
controls (Fig. 4C).

Exposure of guinea pigs to 5 Gy at a lower dose rate, |
Gy/min, also significantly affected electrophysiological
properties of the hippocampal tissue (Fig. 4). As with 5 Gy
at 20 Gy/min, the population PSPs were reduced in slices
obtained from animals 30 min, I day, and 3 days after irra-
diation but returned to normal levels in slices isolated 5
days after irradiation (Fig. 4B). Spike generation was not
reduced at the earliest time as had been seen with the higher
dose rate, but was actually enhanced up to 5 days, when it
returned to normal (Fig. 4C). Because of the balance be-
tween the decrease in synaptic efficacy and the enhance-
ment in spike generation, the composite population spike
was altered minimally by these radiation parameters. Only
at 30 min was the population spike amplitude reduced by 5
Gy at | Gy/min (Fig. 4A).

A comparison of the effects of 5 Gy at the two dose rates
is shown in Fig. 5. The difference in dose-rate effectiveness

30Min  1Day

FIG. 5. Dose-rate effects of 5 Gy whole-body v radiation on synaptic
efficacy () and spike generation (O). Difference in dose-rate effectiveness
was calculated by subtracting the effect produced by exposure at 20 Gy/
min (percentage of sham-irradiated control) from the effect produced by
exposure at | Gy/min (percentage of sham-irradiated control) at each
time. This value gives an indication of the disparity between the changes
produced by the two dose rates. For example, the effect of exposure at 20
Gy/min for spike generation at 5 days is approximately 60% of sham. The
effect of exposure at | Gy/min is approximately 90%. The difference is
90% ~ 60% = 30%. which reflects a greater effect of the higher dose rate.
The + indicates significant differences; P < 0.05.
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was calculated by subtracting the percentage change from
the sham-irradiated control produced by the higher dose
rate from that produced by the lower dose rate. The larger
the number, the greater the disparity in the effectiveness of
the two dose rates. The dose-rate effect was striking for
spike generation, especially at 30 min and 5 days. The large
positive values indicated that the higher dose rate was more
effective than the lower dose rate in decreasing spike genera-
tion. At 1 and 3 days. the lower dose rate enhanced spike
generation more effectively than the higher dose rate. In
contrast, the difference in the effects on synaptic efficacy of
the two dose rates was not significant.

DISCUSSION

We have shown that y radiation at relatively low doses
can alter neuronal function significantly. The effects ob-
served are dependent on dose, dose rate, and time after
irradiation. Both the ability of the tissue to transmit synap-
tic potentials and the ability of those synaptic potentials to
generate spikes are altered by radiation exposure. The
changes in neuronal function that we observe are acute,
occurring within minutes and days, in agreement with
other investigators who have reported acute electrophysio-
logical effects in vivo. In electroencephalographic record-
ings, spike activity in cat and rabbit hippocampus wads ob-
served within 30 min of exposure to 4 Gy X radiation, with
changes persisting up to 7 days (9). Sato and Austin (8)
reported acute increases in excitatory postsynaptic poten-
tials in cat spinal motoneurons with 5-50 Gy X radiation.
More recently, Bassant and Court (7) described acute
changes in the firing patterns of hippocampal neurons with
4 Gy + radiation in rabbits.

Gamma and X radiation can alter the electrophysiology
of hippocampal tissue in vitro. Moderate doses (25-75 Gy)
(11. 12) produce acute electrophysiological changes similar
to those seen with much lower doses in the present study.
Spike generation was most sensitive to dose rate with in vivo
exposures as opposed to synaptic efficacy with in vitro expo-
sures, suggesting that different molecular mechanisms are
responsible for the changes under the two conditions. In
vitro, the tissue is in a well-controlled environment, where
temperature, oxygenation, and nutrients are maintained at
normal levels. Studies of isolated tissue reflect the effects of
radiation directly on the neurons and their im mediate envi-
ronment. In contrast, in vivo, the neuronal responses
are likely to be influenced by the effects of radiation on
non-neuronal elements, thereby producing physiological
changes at lower radiation doses. Since we observed that the
consequences of radiation are still in evidence when the
tissue is removed from the animal, persistent secondary ef-
fects on the electrophysiological properties of neurons are
indicated. A contribution of local and systemic factors to
the effects we observed on neuronal activity may underlie

259

the complexity of the dependencies on dose, dose rate, and
time which we found.

Among the non-neuronal effects produced by ionizing
radiation are acute vasogenic edema (22, 23), pinocytosis,
and astrocytic swelling (24). These changes may reflect a
compromised blood-brain barrier (/6). With impaired in-
tegrity of the blood-brain barrier, neuromodulators and
toxins released into the blood may gain access to the brain
(25). Among these neuroactive substances are corticoste-
roids (26) and eicosinoids (25), which could cause long-last-
ing modulation of neuronal function (27-30). Systemic
blood pressure decreases within minutes of exposure to at
least 3 Gy v radiation (/9). Concurrent with changes in
blood pressure is a decrease in cerebral blood flow (17, 18).
which could produce an ischemic insult sufficient to cause
degeneration of hippocampal neurons in the CAl field
31, 32).

The radiation doses used in the current study are known
to elicit the hemopoietic and the gastrointestinal syn-
dromes. The observed changes in neuronal function could
result from physiological consequences relating to these
syndromes. Support for the possible involvement of stem
cell destruction comes from the observation that protection
of the bone marrow from ionizing radiation can mitigate a
decrement in performance (33). In species that vomit, a
severe emetic response occurs acutely in the dose range
used in this study (/. /0). Accompanying the gastrointesti-
nal syndrome are increases in plasma g-endorphins (30).
histamine (/8, 25), and prostaglandins (25, 34). In addition
to released circulating factors, electrolyte transport in the
ileum is altered over the course of several days after 7.5-12
Gy « radiation in rabbits (35, 36). The loss of normal gastro-
intestinal absorption and secretion could ultimately affect
the neuronal environment and modulate neuronal func-
tion.

Our results demonstrate that dose rate has a very strong
influence on the changes observed after radiation exposure.
At the cellular and membrane levels, several studies suggest
that dose rates greater than | Gy/min have minimal addi-
tional effect (37, 38). White matter necrosis responsible for
late spinal cord damage seems to show a similar limit for
dose-rate sensitivity (39, 40). On the other hand, behavioral
and electrophysiological studies have demonstrated dose-
rate dependencies at higher levels. George et al.'! observed
that the EDy, for performance decrement in miniature pigs
has a very steep dose-rate dependence between 5 and 20
Gy/min. Similarly, Bruner (4/) reported a significant dif-
ference between a dose rate of 1 and 2 Gy/min on perfor-
mance in monkeys. Previous electrophysiological studies in

'R. E. George. R. L. Chaput. and E. L. Barron. The dependence of
miniature pig performance decrement upon gamma ray dose rate. Report
SR72-20. Armed Forces Radiobiology Research Institute, Bethesda, MD,
1972.
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the isolated hippocampal slice preparation (/2) demon-
strated more severe synaptic depression with a dose rate of
20 Gy/min compared to 5 Gy/min. As discussed above,
altered performance and neuronal function are likely to be
a consequence of damage to multiple systems with different
sensitivities and a variety of repair and compensatory mech-
anisms, at both the cellular and the organ system levels. The
different sensitivities to dose rate are likely to reflect. in
part, the complexity of the underlying mechanisms.

The nervous system classically has been considered resis-
tant to radiation injury, with damage scen only at very high
doses (> 100 Gy) or with long latencies (/3-15). Most of the
early functional changes that have been reported as well as
the delayed reactions of the nervous system are usually at-
tributed to effects on non-neuronal cells, i.e., glia and vascu-
lar endothelium (see ref. /4). The present study conclu-
sively demonstrates that neuronal function is impaired by
low doses of vy radiation. Diverse and complex physiologi-
cal influences are likely to be responsible for the neuronal
deficits observed.
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